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1.	 The	 European	 noble	 crayfish	Astacus astacus	 is	 threatened	 by	 crayfish	 plague	
caused	 by	 the	 oomycete	 Aphanomyces astaci,	 which	 is	 spread	 by	 the	 invasive	
North	American	crayfish	(e.g.	signal	crayfish	Pacifastacus leniusculus).	Surveillance	
of	 crayfish	 plague	 status	 in	 Norway	 has	 traditionally	 relied	 on	 the	monitoring	
survival	 of	 cage‐held	noble	 crayfish,	 a	method	of	 ethical	 concern.	Additionally,	

















of	 crayfish	 regardless	 of	 season,	 and	 constitutes	 a	 valuable	 supplement	 to	 the	
trapping	method	that	relies	on	season	and	legislation.
4. Synthesis and applications.	Simultaneous	eDNA	monitoring	of	Aphanomyces astaci 
(crayfish	 plague)	 and	 relevant	 native	 and	 invasive	 freshwater	 crayfish	 species	
is	well‐suited	 for	early	warning	of	 invasion	or	 infection,	 risk	assessments,	habi-
tat	evaluation	and	surveillance	 regarding	pathogen	and	 invasive/native	crayfish	


















The	 oomycete	Aphanomyces astaci	 is	 native	 to	North	 America	
and	 is	 an	 obligate	 parasite	 on	 American	 freshwater	 crayfish	
(Söderhäll	 &	 Cerenius,	 1999).	 It	 is	 the	 causative	 agent	 of	 crayfish	










but	 hyphal	 growth	 is	 inhibited	 by	melanisation	 in	 resistant	 North	
American	crayfish.	In	susceptible	crayfish	species,	the	hyphae	grow	
deeper	into	tissues	and	organs,	causing	rapid	death.	The	oomycete	





An	A. astaci	 species‐specific	 qPCR	method	 is	 widely	 used	 for	
crayfish	plague	diagnostics	 and	 carrier	 status	 testing	 (Kozubikova,	
Vrålstad,	Filipova,	&	Petrusek,	2011;	OiE,	2017;	Vrålstad,	Knutsen,	
Tengs,	 &	Holst‐Jensen,	 2009).	 The	 same	method,	which	 has	 been	
thoroughly	tested	and	further	developed	(Makkonen,	Strand,	Kokko,	
Vrålstad,	&	Jussila,	2013;	Strand	et	al.,	2012),	is	used	for	eDNA	mon-







Lake	Øymarksjøen	 in	 the	Halden	watercourse	 is	 one	 of	 a	 few	
lakes	 in	Norway	hosting	a	population	of	the	non‐indigenous	signal	
crayfish	 Pacifastacus leniusculus,	 which	 were	 introduced	 illegally	
around	 two	decades	ago,	but	not	discovered	until	2008	 (Vrålstad,	
Johnsen,	Fristad,	Edsman,	&	Strand,	2011).	The	unknown	presence	
of	 signal	 crayfish	 partly	 ruined	 long‐term	 attempts	 to	 restock	 the	
lake	with	indigenous	noble	crayfish	(Astacus astacus),	following	the	
first	outbreak	of	crayfish	plague	in	1989	(Taugbøl,	2004).	When	the	
restocked	 population	 increased	 in	 number,	 a	 new	 large	 outbreak	





The	 noble	 crayfish	 population	 in	 Lake	 Rødenessjøen	 has	
been	monitored	every	 year	 since	2009	as	 a	 part	 of	 the	national	
surveillance	 programme,	 using	 baited	 traps	 set	 at	 eight	 stations	






as	 another	 illegal	 introduction	 of	 signal	 crayfish,	 since	 long‐dis-
tance	migration	over	land	or	through	the	closed	locks	was	highly	




in	 the	 implementation	 of	 eDNA	monitoring	 for	Norwegian	 crayfish	 plague	 and	
crayfish	surveillance	programmes,	and	we	believe	other	countries	could	improve	
management	strategies	for	freshwater	crayfish	using	a	similar	approach.
K E Y W O R D S
crayfish	plague,	disease	surveillance,	environmental	DNA,	host–pathogen,	invasive	species,	
noble	crayfish,	signal	crayfish,	species‐specific	detection
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introduced	signal	crayfish	were	confirmed	A. astaci	carriers,	indi-
cating	 the	 probable	 onset	 of	 a	 new	 crayfish	 plague	 outbreak	 in	
the	local	noble	crayfish	population.	A	crayfish	plague	surveillance	
programme	commissioned	by	the	NFSA	was	therefore	conducted	
using	 live	 noble	 crayfish	 in	 cages	 to	 monitor	 the	 spread	 of	 the	
disease.	Traditional	cage	experiments	using	noble	crayfish	as	‘ca-
naries	 in	a	 coalmine’	had	been	 the	 sole	method	utilised	 for	 field	
monitoring	of	 crayfish	plague	 since	 it	 is	 introduction	 to	Norway	
in	 the	 1970s	 (Håstein	 &	 Unestam,	 1972;	 Vrålstad	 et	 al.,	 2014).	
Decapod	crustaceans	are	now	covered	by	the	Animal	Welfare	Act	
in	Europe	and	 the	Law	on	Animal	Welfare	 (LOV‐2009‐06‐19‐97)	
in	Norway.	Thus,	 the	use	of	 live	 crayfish	 for	monitoring	 a	 lethal	
disease	is	of	strong	ethical	concern.	In	addition	to	fatal	 infection	
with	crayfish	plague,	cage‐held	crayfish	are	also	subject	to	other	
causes	 of	 mortality	 such	 as	 moulting‐associated	 cannibalism.	






plague	 outbreak	 and	 compared	 traditional	 cage	 surveillance	 with	
eDNA	monitoring	 using	 species‐specific	 qPCR	 assays	 for	 targeted	
detection	and	quantification	of	A. astaci	(Strand	et	al.,	2014),	noble	
crayfish	and	signal	crayfish	 (Agersnap	et	al.,	2017),	 from	the	same	









2  | MATERIAL S AND METHODS
2.1 | Study site
The	 study	 site	 (Figure	 1)	 is	 part	 of	 the	 large	Halden	watercourse,	









control	 zone	 border	 in	 the	Halden	watercourse	 upstream	 of	Ørje	
locks.	 The	 physical	migration	 barriers	 (dams)	 in	 River	Hølandselva	



























and	 transported	 to	 the	 laboratory	 for	 crayfish	 plague	diagnostics.	
Frozen	crayfish	were	thawed,	and	tissue	samples	of	eye,	tail	muscle	
and	cuticle	were	subjected	to	DNA	extraction	using	the	QIAamp® 
DNA	 mini	 kit	 on	 a	 QIAcube	 automated	 DNA	 extractor	 (Qiagen)	
following	 the	manufacturers	 protocol.	Crayfish	 plague	diagnostics	
were	 performed	 using	 an	 A. astaci‐specific	 qPCR	 (Vrålstad	 et	 al.,	
2009),	with	modifications	in	the	annealing	temperature	(Kozubikova	










tervals	 in	October	 to	November	 2014	 (Figure	 2)	 to	 closely	 follow	
the	 initial	 phase	of	 the	outbreak.	 In	 total,	 72	water	 samples	were	
collected	at	stations	1–3	with	an	average	of	6.9	L/filter.	No	eDNA	
samples	were	collected	during	winter	due	to	ice	coverage.	In	2015,	
water	 samples	were	 collected	 every	 second	 or	 fourth	week	 from	
April	to	September	(Figure	2)	to	follow	upstream	movement	of	the	
outbreak.	In	total,	120	water	samples	were	collected	at	five	stations	
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(stations	1,	3,	4,	5	and	6)	from	April	to	September	with	an	average	of	
6.0	L/filter.	As	increasing	focus	was	placed	on	upstream	movement,	
station	 2	 was	 excluded	 after	 2014.	 Additional	 stations	 upstream	
were	established	and	sampled	in	June	and	August	of	2016	and	2017	








depending	on	 the	 turbidity	of	 the	water.	The	water	 samples	were	
collected	above	the	bed	(~7	cm),	2–5	m	from	the	shore,	and	filtered	
directly	onto	glass	fibre	filters	(47	mm,	2	μm	pore	size,	AP2504700	
Millipore,	Billerica,	MA,	USA)	using	 a	peristaltic	 pump	 (Masterflex	
L/S	or	E/S,	Cole‐Parmer,	Vermon	Hills,	 IL,	USA)	with	Tygon	tubing	
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to	avoid	filtering	any	disturbed	sediments	from	the	current	station.	




2.4 | Crayfish trapping—Catch per unit effort
Two	extended	 surveys	with	 baited	 traps	were	 conducted	 in	 2015	












monium	 bromide)	 extraction	 protocol	 described	 by	 Strand	 et	 al.	
(2014)	 with	 minor	 modifications	 (full	 protocol	 in	 Appendix	 S1).	
Briefly,	the	filters	were	freeze‐dried,	4	ml	of	CTAB	buffer	was	added	










laboratory	 work	 bench	was	 used	 as	 a	 laboratory	 work	 control.	 A	
tube	with	CTAB	buffer	 (extraction	blank	control)	 followed	 the	ex-
traction	 protocol	 alongside	 the	 real	 samples.	 Separate	 laboratory	
rooms	were	used	for	pre‐	and	post‐PCR	procedures	(Agersnap	et	al.,	
2017)	to	minimise	risk	of	laboratory‐induced	contamination.
The	DNA	 samples	were	 analysed	 using	 three	 different	 probe‐
based	 singleplex	 qPCR	 assays	 referred	 to	 as	 Aphast, Astast and 
Paclen	(see	Table	1	for	a	qPCR	assay	specifics).	Aphast	is	the	A. astaci 


















diluted	 replicates.	 The	 presence	 or	 absence	 of	 qPCR	 inhibition	
was	controlled	by	calculating	the	difference	in	cycle	threshold	(Ct)	




due	 to	minor	 inaccuracies	 in	 amplification	 efficiency,	manual	 pi-
petting	and	other	stochastic	factors.	We	accepted	a	variance	level	
of	 15%,	 allowing	 for	 quantification	 in	 samples	where	 the	ΔCt	 is	
3.32	±	0.5	(range	=	2.82–3.82)	between	the	undiluted	and	10‐fold	
diluted	replicates.	If	ΔCt	was	within	this	range,	DNA	copy	numbers	
were	calculated	as	 the	mean	of	 the	undiluted	 replicates	and	 the	
10‐fold	 diluted	 replicates,	 the	 latter	multiplied	 by	10.	 In	 case	of	
inhibition	 (if	ΔCt	 <2.82)	 the	 estimated	 eDNA	 copy	 number	 was	
based	only	on	the	10‐fold	diluted	DNA	replicates,	while	 if	ΔCt	>	
3.82	 (i.e.	 10‐fold	 dilution	out	 of	 range),	 the	 estimation	of	 eDNA	
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copy	number	was	based	on	 the	undiluted	DNA	 replicates	 alone.	
If	none	or	only	one	of	the	replicates	was	detected	above	limit	of	
quantification	 (LOQ),	 further	 quantification	 was	 not	 performed	
and	the	result	for	the	eDNA	sample	was	reported	as	below	LOQ	
(<LOQ)	(see	Table	1	for	 limit	of	detection	(LOD)	and	LOQ	specif-
ics).	A	 sample	 result	was	only	 regarded	as	positive	 if	 the	overall	
detection	(mean	for	all	PCR	replicates)	was	above	LOD	(Table	1).	
Following	Kozubikova	et	 al.	 (2011)	 and	Agersnap	et	 al.	 (2017),	 a	
cut‐off	was	set	at	Ct	41,	defining	positive	signals	with	a	Ct	value	
≥41	 negative	 (i.e.	 not	 detected).	 Environmental	DNA	 copy	 num-
bers	 per	 litre	water	were	 calculated	 from	 the	 eDNA	 copy	 num-
ber	quantified	in	the	qPCR	reactions	according	to	Agersnap	et	al.	
(2017)	using	 the	equation:	CL	=	 (CrAB	 *	 (Ve/Vr))/Vw.	Here,	CL rep-




















(RStudio	 team,	 2016)	 using	 r	 v	 3.5.1	 (R	Development	 Core	 Team,	
2018).
3  | RESULTS
3.1 | Cage surveillance versus eDNA monitoring









We	 observed	 that	 presence/absence	 data,	 as	 well	 as	 fluc-
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biological	status	of	the	crayfish	and	habitat	in	terms	of	freedom	
from	 disease,	 early	 infection,	 mortality	 and	 extinction.	 When	
the	 ice	 cover	 thawed	 in	 2015,	 plague‐induced	mortality	 in	 the	
cage	was	observed	at	station	3	3	weeks	prior	to	our	first	eDNA	
sampling	 event	 (24	 April,	 Figure	 3a,	 Table	 2).	 Here,	 high	 lev-
els	 of	 eDNA	 from	A. astaci	 and	 noble	 crayfish	 were	 detected,	
with	 a	 further	 increase	 2	 weeks	 later,	 followed	 by	 a	 decline	
to	 trace	 amounts	 in	 the	 following	weeks	with	 no	 detection	 by	
August	 (Figure	 3c).	At	 station	4,	 only	 low	 levels	 of	 noble	 cray-
fish	eDNA	were	detected	on	24	April,	while	both	noble	crayfish	
and A. astaci	were	detected	2	weeks	 later	 (May	8th,	Figure	3c).	
One	 week	 later,	 crayfish	 plague‐induced	 mortality	 was	 ob-
served	in	the	cage	(Figure	3a,	Table	2).	Concentrations	of	eDNA	




September	 2015,	 noble	 crayfish	 eDNA	was	 also	 undetectable.	
At	station	5,	only	eDNA	from	noble	crayfish	could	be	detected	
in	 April	 and	 May,	 while	 A. astaci	 eDNA	 was	 also	 detected	 on	
26	 June.	 Noble	 crayfish	 mortalities	 in	 the	 cage	 were	 first	 ob-
served	18	days	 later	 (Figure	3a,	Table	2).	Again,	concentrations	
of	 eDNA	 from	 noble	 crayfish	 increased	 in	 parallel	 with	 eDNA	
from	A. astaci	during	the	outbreak	period	(Figure	3c).	From	July	
to	 August	 2015,	 concentrations	 of	 eDNA	 from	 A. astaci de-
creased,	while	noble	crayfish	could	still	be	detected.	At	station	6,	
F I G U R E  3  Comparison	of	environmental	DNA	(eDNA)	presence/absence	of	Astacus astacus, Aphanomyces astaci and Pacifastacus 
leniusculus	and	mortality	of	caged	Astacus astacus	(a)	at	the	cage	and	eDNA	stations	1–6	in	the	Halden	watercourse	(b),	with	details	for	the	
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eDNA	from	noble	crayfish	was	detected	from	April	to	September	
2015	 (Figure	3a,c),	while	 eDNA	 from	A. astaci	was	detected	 at	
low	 concentration	 in	 September	 samples.	 No	 crayfish	 plague‐
induced	mortality	 of	 noble	 crayfish	 was	 observed	 in	 this	 cage	
(Table	 2),	 and	 the	 eDNA	 concentrations	 of	 noble	 crayfish	 re-
mained	 stable	 throughout	 the	 sample	 period.	 No	 eDNA	 from	
signal	 crayfish	 was	 detected	 at	 any	 station	 other	 than	 station	













surveillance	 programme	 the	 same	 year.	 In	 Lake	 Rødenessjøen,	 no	
traces	of	eDNA	from	noble	crayfish	were	detected	after	July	2014	




(Tables	S1	 and	S2).	 The	 trapping	 surveys	 suggest	 that	 signal	 cray-
fish	were	restricted	to	the	southern	part	of	the	lake	at	low	density.	
Here,	110	signal	crayfish	were	caught	in	2015	using	960	trap	nights	
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(CPUE	 =	 0.12),	 and	 only	 large	 individuals	 were	 trapped	 (average	
118.2	mm,	N	=	91),	suggesting	their	recent	release.
3.3 | Implementing eDNA monitoring
The	 comparative	 data	 obtained	with	 eDNA	monitoring	 and	 tradi-
tional	methods	(cages	and	trapping)	convinced	the	authorities	to	of-
ficially	include	eDNA	as	a	monitoring	method.	Thus,	in	2016,	eDNA	
was	officially	 integrated	 into	 the	national	crayfish	plague	monitor-
ing	 programme	 commissioned	 by	NFSA.	 Cages	were	 only	 used	 in	





Noble	crayfish	eDNA	was	detected	at	all	 stations	 in	 the	 risk	 zone	
(Figure	4,	Table	S3),	while	no	signal	crayfish	or	A. astaci	eDNA	was	
detected	here.	 In	 the	River	Hølandselva,	eDNA	from	A. astaci and 
noble	crayfish	was	detected	at	the	outlet	of	the	river	in	2016	(sta-
tion	6),	while	only	eDNA	from	noble	crayfish	was	detected	further	









tion	 of	 crayfish	 plague.	 During	 the	 predicted	 freshwater	 crayfish	
disaster	 in	 the	Norwegian	Halden	watercourse,	 we	 demonstrated	
that	eDNA	monitoring	can	reveal	the	invasion	of	signal	crayfish	at	low	
densities,	as	well	as	low	numbers	of	waterborne	infectious	A. astaci 




plague	disease	management	 in	Norway	 (Vrålstad,	Rusch,	 Johnsen,	
Tarpai,	&	Strand,	2018;	Vrålstad	et	al.,	2017).	We	also	confirmed	the	







































infection.	Advancement	of	 spread	 then	 slowed,	most	 likely	due	 to	
slower	upstream	spread	in	a	flowing	river	combined	with	the	absence	
or	very	low	density	of	noble	crayfish,	working	as	barriers	for	further	
spread.	 In	fact,	 the	crayfish	plague	seemingly	burnt	out,	as	 it	 is	no	
longer	detectable	in	terms	of	eDNA	in	2017.
Our	study	indicates	that	trapping	data	and	eDNA	data	are	com-
parable	when	 used	 to	measure	 the	 presence/absence,	 but	 do	 not	
always	 agree	 for	 measuring	 biomass.	 Relatively	 low	 CPUE	 mea-
surements	 (0.15–1.8;	 Johnsen	 et	 al.,	 2017)	 correlated	with	 a	 high	
frequency	of	positive	eDNA	samples	for	noble	crayfish,	while	nega-
tive	trapping	results	(2,840	trap	nights)	the	following	autumn	were	
confirmed	 by	 negative	 noble	 crayfish	 eDNA	 results.	 These	 two	
factors	 together	provided	strong	evidence	 for	 local	noble	crayfish	
extinction.	Low	densities	of	signal	crayfish	only	at	the	invasion	site	
(CPUE	=	0.12)	correlated	with	infrequent	eDNA	detection	of	signal	
crayfish	 in	11%	of	the	samples,	which	demonstrates	that	 it	 is	pos-
sible	 to	detect	 freshwater	crayfish	at	very	 low	densities	 in	a	 large	
lake	by	means	of	eDNA.	These	 results	 are	 similar	 to	 the	 study	by	
Dougherty	et	al.	(2016),	where	10%	of	the	eDNA	samples	were	pos-














PCR	 inhibition,	and	several	samples	showed	signs	of	 inhibition	 (dif-















An	 important	 goal	 of	 this	 study	was	 to	 contribute	 to	 the	 re-
duction	or	replacement	of	live	crayfish	in	crayfish	plague	monitor-
ing.	As	a	direct	result,	NFSA	replaced	cage	surveillance	of	crayfish	
plague	with	 eDNA	monitoring,	 contributing	 to	 the	3Rs	 (replace-
ment,	 reduction,	 refinement;	 https	://www.nc3rs.org.uk/the‐3rs)	












of	 equipment.	We	 advocate	 the	 use	 of	 the	 presented	 approach	
for	 early	 warning	 and	 targeted	 surveillance	 of	 non‐indigenous	










&	 Hartikainen,	 2015;	 Rusch	 et	 al.,	 2018).	 Additionally,	 recurrent	
sampling	and	long‐time	storage	(e.g.	biobank)	of	eDNA	samples	gives	
the	possibility	for	retrospective	analysis	for	other	species	of	 inter-
est	 or	 even	whole	 communities	 using	 environmental	metabarcod-
ing	(Deiner	et	al.,	2017).	Environmental	metabarcoding	might	even	
reveal	 emerging	 pathogens	 and/or	 invasive	 species	 that	would	 go	
undetected	unless	specifically	screened	for,	and	could	 identify	the	
causative	agents	for	declines	in	other	indigenous	species.	In	the	near	






alien	 and	 emerging	 threats’	 (TARGET;	 NFR‐243907),	 the	 Norwegian	
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